Summary Recent evidence suggests that the postprandial hyperglycaemia in impaired glucose tolerance is primarily due to impaired suppression of basal hepatic glucose output. This in turn appears to be secondary to decreased first phase insulin secretion, although decreased hepatic insulin sensitivity, which is a feature of non-insulin-dependent diabetes mellitus, might also play a role. Eight mildly overweight subjects with impaired glucose tolerance and eight closely matched control subjects with normal glucose tolerance underwent an intravenous glucose tolerance test to assess first phase insulin secretion. Insulin sensitivity was examined by a 150-min hyperinsulinaemic-euglycaemic clamp. Somatostatin was infused from 150 rain to suppress endogenous insulin secretion, and glucagon and insulin were replaced by constant infusion. Glucose with added dideuterated glucose (labelled infusion technique) was infused to maintain euglycaemia. First phase insulin secretion (A 0-10min insulin area + A 0-10min glucose area) was significantly decreased in the subjects with (54 + 4 and 44 + 6 ng-1-1) levels were comparable. Total glucose disposal was decreased in subjects with impaired glucose tolerance (2.78 + 0.27 vs 4.47 _+ 0.53 mg. kg -a -min-1; p < 0.02), and was primarily due to decreased non-oxidative glucose disposal. However, hepatic glucose output rates were comparable during the clamp (0.38_+0.10 and 0.30 + 0.18 mg. kg -1 -min-1). Therefore, the main defects in subjects with impaired glucose tolerance are decreased first phase insulin secretion and peripheral non-oxidative glucose disposal, but hepatic glucose output shows normal responsiveness to insulin. [Diabetologia (1995) 38: 699-704] Key words Impaired glucose tolerance, insulin sensitivity, hepatic glucose output, insulin secretion, labelled infusion technique.
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Non-insulin-dependent diabetes mellitus (NIDDM) is characterised by impaired insulin secretion and decreased insulin sensitivity. Despite extensive investi-gation, however, the primary defect(s) leading to the development of NIDDM have not been defined.
As NIDDM is invariably preceded by a period of impaired glucose tolerance (IGT), attention has focused on this condition as a means of trying to elucidate the early metabolic abnormalities. Mitrakou and colleagues [1] showed that after the ingestion of an oral glucose load the elevated blood glucose levels in subjects with IGT were due to a failure to suppress basal hepatic glucose output (HGO). This was linked with a decrease in first phase insulin secretion (FPIS). However, decreased hepatic insulin sensitivity is a feature of NIDDM [2, 3] , and thus a concurrent decrease in hepatic insulin sensitivity might have contributed to the persistently raised HGO in the IGT subjects. Previous studies in subjects with IGT have produced conflicting results, with evidence for normal [4] and decreased [5, 6] hepatic insulin sensitivity. However, in these studies no attempt was made to exclude the potentially confounding effect of different portal insulin levels between the IGT subjects and their respective control subjects.
Therefore, the aim of this study was to determine hepatic insulin sensitivity in a group of moderately overweight subjects with IGT by using somatostatin infusion to suppress endogenous insulin secretion and the labelled infusion technique to measure glucose turnover.
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Subjects and methods
Patients. Eight males with IGT and eight males with normal glucose tolerance, none of whom had a family history of NIDDM, were matched for age and body mass index (BMI) ( Table 1) . None of the subjects were taking regular medication. Informed written consent was obtained from the subjects, and the study was approved by the Newcastle Health Authority and University of Newcastle upon Tyne Joint Ethics Committee.
Protocols. All subjects were taking a standard weight-maintaining diet, and were asked to avoid alcohol and severe exercise for 48 h prior to each study. Each subject underwent a 75-g (388 ml degassed Lucazade, Smith Klein Beecham, Brentford, UK) oral glucose tolerance test (OGTT) following an overnight fast, and glucose tolerance was classified using World Health Organization criteria [7] . The diagnosis of impaired glucose tolerance was confirmed by a second OGTT.
An intravenous glucose tolerance test (IVGTT) was conducted in order to examine FPIS. Following an overnight fast, two cannulae were introduced under local anaesthetic. The first was placed retrogradely in a dorsal hand vein for arterialised venous blood sampling [8] . The hand was warmed in a heated hand box set at a temperature of 50 ~ The second cannula was placed in an antecubital vein, and 0.3 g 9 kg q glucose was administered over i min at time 0 min [9] .
Insulin sensitivity was examined in each study using a combination of hyperinsulinaemic-euglycaemic clamp and glucose turnover techniques. Following an overnight fast, two cannulae were introduced and prepared as described above for the IVGTT. [6,6-2Hj-labelled glucose (Tracer Technologies Inc., Somerville, Mass., USA) was infused (170 mg prime and 100 mg -h q) from 0 to 300 min. From 150 to 300 min, a combined infusion of somatostatin (250~g.h-1; DuraScan Odense, Denmark), soluble insulin (0.05 U-kg -1 9 hq; NovoNordisk, Copenhagen, Denmark), and glucagon (27 rig. kg -1 9 h 1; NovoNordisk) was administered. Blood glucose concentration was maintained at fasting levels by an adjustable infusion of 20 % (weight/volume) glucose solution [10] , to which [6,6-2Hi-labelled glucose (8mg-gm -1 unlabelled glucose; [11] ) was added in order to maintain basal plasma enrichments (labelled infusion technique). Substrate oxidation rates were determined by indirect calorimetry from 130 to 150 rain and 280 to 300 min using a Deltatrac Indirect Calorimeter (Datex Instrumentation Corp., Helsinki, Finland). A timed urine collection was made for the duration of the study for the determination of the urinary nitrogen excretion rate.
Sampling and analyticalprocedures. During the OGTT, fasting
and 2-h plasma glucose levels were measured. Arterialised venous blood was sampled for plasma glucose and serum insulin determinations at intervals throughout the IVGTT as previously described [9] . During the insulin sensitivity study, blood was sampled at intervals from 130 to 300 rain for whole blood glucose, serum insulin and C-peptide, plasma glucagon and non-esterified fatty acid (NEFA) levels. Plasma glucose concentrations and enrichments were determined during the prestudy period (-15 and 0 rain), and at 5-rain intervals from 130 to 150 min (basal period) and 280 to 300 min (clamp period) for the measurement of glucose turnover rates.
Glucose concentrations were measured by the glucose oxidase method using a glucose analyser (interstudy CV, 3.5 %; Yellow Springs Instrument, Yellow Springs, Ohio, USA). Serum insulin concentrations were determined using a two-site monoclonal enzyme linked immunoabsorbant assay [12] which is highly specific for insulin (cross reactivity in our hands; intact proinsulin 0.5 % at 1000 pmol 9 1 < and 32,33 split proinsulin 1.2 % at 4200 pmol. 1 1). Serum C-peptide (NovoNordisk) and plasma glucagon [13] concentrations were measured by radioimmunosassay (interassay CVs; 6.2 and 9.5 %, respectively). Plasma NEFA levels were measured by centrifugal enzymatic analysis (interassay CV, 3 %; Wako NEFA kit, Wako Chemicals, Neuss, Germany) based on the method of Knox and Jones []4]. Urinary nitrogen concentrations were determined by the Kjeldhal method (Kjeltec Analyser, Perstorp Analytical Ltd., Perstorp, Sweden), and blood urea concentrations were measured before and after the clamp to correct for changes in the urea pool [15] .
Plasma [6,6-2Hi-labelled glucose enrichment was determined by first deproteinizing the plasma (1 ml) with 3.5 % 5-sulphosalicylic acid. The extracted glucose was derivitized by the addition of 1-butanoboronic acid in pyridine (10 mgml<), followed by acetic anhydride [16, 17] . After drying under nitrogen, the derivatives were resuspended in ethylacetate and measured on a Finnigan Mat 1050 gas chromatography-mass spectrometer (Finnigan Corporation, Sunnyvale, Calif., USA). Molecular ions 297 and 299 were detected, from which the percent enrichment was calculated [17] . This was corrected against a standard (5 % enrichment) and for the background contribution (pre-study samples). The [6,6-2H2]-1a -belled glucose enrichments of the continuous tracer infusions and of the labelled 20 % glucose solutions infused during the clamps were determined in order to calculate the overall tracer infusion rates (F). 
Statistical analysis
First phase insulin secretion (FPIS) was defined as A 0-10 min insulin area divided by A 0-10 min glucose area which has been shown to be the most reproducible assessment when compared with other standard methods [9] . The Steele equations [18] were used to calculate the rates of glucose disposal (Ro) and appearance (Ra) during the basal and clamp periods, using values of 200 ml 9 kg -1 and 0.65 for the glucose space and pool fraction, respectively. The enrichments were smoothed by using the moving-average method using three successive measurements. During the clamp period, the tracer infusion rate (F) was calculated as the sum of the continuous [6,6-2H2]-glucose infusion rate and the rate of infusion of the tracer given with the 20 % glucose solution [19] . HGO was taken to equal R a during the basal period, and the difference between Ra and the total (unlabelled and labelled) glucose infusion rate (M value) during the clamp period. Substrate oxidation rates were calculated using standard equations [20, 21] , and the rate of non-oxidative glucose disposal was calculated as the difference between the rates of glucose disposal (Rd) and glucose oxidation.
Statistical comparison between the IGT and control groups was by the unpaired t-test, except for the FPIS measurements which was by the Mann-Whitney U test. For the insulin sensitivity studies, comparison between the basal and clamp periods within subject groups was by Student's paired t-test. Data are presented as the mean + SEM, except for the FPIS measurements which were summarised as the median and range.
Results

G TT and IVG TT
The plasma glucose concentrations for the OGTTs are summarised in Table 1 . The fasting and 2-h plasma glucose levels were significantly higher in the IGT subjects compared with the normal glucose tolerant (NGT) control subjects (visit 1). All IGT subjects remained in the IGT classification on retesting (visit 2), and the interval between the first and second visits ranged from 3 weeks to 18 months.
The individual FPIS measurements are shown in Table 2 . FPIS was significantly lower in the IGT sub- Time {min} Fig. 1 . Serum insulin, C-peptide, and plasma glucagon concentrations (mean _+ SEM) for the impaired (IGT) ( 9 and normal (NGT) ( 9 glucose tolerance subjects 
Insulin sensitivity studies
Substrate and hormone concentrations. Plasma glucose levels tended to be higher in the IGT subjects during the basal (5.5 + 0.1 and 5.2 + 0.1 mmol 9 1-1) and clamp (5.4 + 0.1 and 5.1 + 0.1 retool. 1-1) periods, although these differences were not statistically significant. Basal serum insulin and C-peptide levels tended to be higher in the IGT subjects (Fig. 1) , but failed to reach statistical significance. Following the infusion of insulin from 150 min, the serum insulin concentrations reached comparable levels (93 + 8 and 81 _+ 10 mU. 1-1; IGT and NGT subjects, NS) during the clamp period, while serum C-peptide concentrations were suppressed to similar levels (0.17 + 0.04 and 0.10 + 0.02 nmol. 1-1; IGT and NGT subjects, NS).
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Plasma glucagon levels (Fig. 1) were not significantly different during the basal (85 + 7 and 70 _+ 6 ng. 1-1; IGT and NGT subjects) and clamp (54+4 and 44 + 6 ng-1-1; IGT and NGT subjects) periods. Plasma NEFA concentrations were similar during the basal period (0.70 + 0.07 and 0.61 + 0.06 mmol. 1-1; IGT and NGT subjects, NS), and were suppressed to the same degree following the infusion of insulin (0.24 + 0.05 and 0.14 + 0.04 mmol. 1-1; IGT and NGT subjects, NS).
Glucose disposal and HGO rates. Basal HGO rates were comparable (2.07 + 0.16 and 1.88 + 0.13 mgkg -1. rain-l; IGT and NGT subjects, NS). The addition of [6,6-2H2 ]-glucose to the 20 % glucose solution prevented a fall in the basal plasma enrichment following the infusion of insulin (Fig. 2) . The individual glucose infusion and turnover measurements for the clamp period are shown in Table 3 . The glucose infusion (M value, p < 0.05) and total glucose disposal (Rd, p < 0.02) rates were significantly lower in the IGT subjects, while there was no significant difference between the HGO rates (Table 3) Table 4 , comparison of the two groups revealed no significant differences for the lipid and carbohydrate oxidation rates during the basal and clamp periods. However, the changes in these substrate oxidation rates following the infusion of insulin were significantly less in the IGT subjects. Protein oxidation rates were comparable for the two subject groups (0.52+0.04 and 0.60+ 0.06 mg. kg -1 -min-1; IGTand NGT subjects, NS), although the non-oxidative glucose disposal rate was significantly lower during the clamp period in the IGT subjects (1.57 + 0.26 vs 2.96 + 0.34 mg. kg -1 9 min -1, p < 0.01). oxidation rates (mg. kg -1-min -1 
Substrate oxidation and non-oxidative glucose disposal rates. As shown in
) during the basal and clamp periods, and the differences between
Discussion
First phase insulin secretion (FPIS), measured with a highly specific assay, was diminished in the group of subjects with IGT, in keeping with the observation of decreased early insulin secretion reported in other studies [1, [22] [23] [24] .. Mitrakou and colleagues [1] suggested that, following an oral glucose load, the abnormally raised blood glucose levels in IGT subjects was due to a failure to suppress basal HGO. The decreased FPIS would provide a straightforward explanation for this observation. However, hepatic sensitivity to insulin is decreased in established NIDDM [2, 3] , and if this is a feature of IGT then it might also contribute to the failure to suppress basal HGO normally in the postprandial state.
Several previous studies have examined hepatic insulin sensitivity in ]GT [4] [5] [6] , although the findings have been conflicting. In these studies, however, no attempt was made to ensure that the portal insulin levels were comparable in the IGT subjects and their control subjects by suppressing endogenous insulin secretion and replacing it with a constant infusion. This was achieved in the present study by the infusion of somatostatin, and confirmed by the comparable circulating C-peptide levels in the two-subject groups during the clamp period. By the same token, the comparable plasma glucagon levels were important in avoiding differential effects on HGO. However, plasma glucagon levels were shown to be suppressed to a lesser degree in IGT subjects following an oral glucose load [1] , which might well influence the hepatic response to insulin in the physiological setting of the postprandial state.
Another potential problem in the measurement of hepatic insulin sensitivity is the calculation of negative HGO rates when using the Steele equations. Recent studies have shown that such errors can be minimised by maintaining plasma enrichments at basal levels during the hyperinsulinaemic clamp by the co-infusion of tracer with the unlabelled glucose solution [11, 19] (labelled infusion technique). This ap-proach has not been previously applied to assess hepatic insulin sensitivity in subjects with IGT. In the present study, a fall in plasma enrichment from basal levels was prevented (Fig. 2) by using this technique.
Using these methods, HGO rates were shown to be comparable in the subject groups during the clamp period. Thus, hepatic insulin sensitivity is normal in mildly overweight subjects with IGT, and the failure to suppress basal HGO in the postprandial state appears to be due solely to the decreased FPIS. Moreover, it would suggest that the decreased hepatic insulin sensitivity previously reported in NIDDM is not a primary defect. It is interesting to note, however, that markedly obese subjects with IGTwere recruited in the two studies in which hepatic insulin sensitivity was decreased [5, 6] . Whether obesity per se modulates HGO in subjects with IGT requires further assessment.
While hepatic insulin sensitivity was normal, peripheral insulin sensitivity was markedly diminished in the IGT subjects and supports the observations of previous studies [4, 25] . Skeletal muscle is the principal tissue site for peripheral insulin-stimulated glucose disposal [26] , and is therefore the likely site of the insensitivity in the IGT subjects. In addition, the major defect was in non-oxidative glucose disposal which primarily reflects glucose storage as glycogen [27] . Thus, IGT subjects have a combination of decreased FPIS and peripheral insulin insensitivity. Eriksson and colleagues [4] noted the same combination in IGT first degree relatives of NIDDM patients, while the decreased peripheral insulin sensitivity was the only abnormality in the relatives with normal glucose tolerance.
Abnormalities of lipid metabolism have been reported in obese subjects with IGT [5] . In the present study, plasma NEFA levels and lipid oxidation rates were normal during the basal and clamp periods in the IGT subjects. The absolute carbohydrate oxidation rates were similarly normal. However, the changes in the basal substrate oxidation rates following the infusion of insulin were significantly less in the IGT subjects. This would suggest that the regulatory effect of insulin on substrate oxidation is slightly impaired in IGT, which may be due to the operation of the glucose-fatty acid cycle [28] which has been described in NIDDM [29] .
While FPIS was diminished in the group of IGT subjects as a whole, one individual (subject number 3, Table 2 ) with mildly impaired glucose tolerance had a value above the range of the control subjects. This is in keeping with the observation of Groop and colleagues [30] that FPIS appears to be increased in the very early stages of impaired glucose tolerance.
In conclusion, therefore, the failure to suppress basal HGO normally in the postprandial state in mildly overweight IGT subjects appears to be primar-ily due to decreased FPIS as hepatic insulin sensitivity is normal.
